N ew-onset postoperative atrial fibrillation (POAF) is a common complication of cardiac surgery. The incidence ranges between 27% and 63%, with the greatest risk seen in combined coronary artery bypass graft (CABG) and valve surgery. 1-3 POAF has a peak incidence on postoperative day 2 4 and is associated with several adverse outcomes, including increased cardiovascular, renal, and cerebral complications; increased cost of care and resource use; and decreased long-term survival. 1, [5] [6] [7] [8] Hypomagnesemia has been associated with an increased risk of atrial fibrillation (AF), both after cardiac surgery 9,10 and in ambulatory settings. 11, 12 Hypomagnesemia is believed to promote AF through a variety of mechanisms, including effects on atrioventricular conduction, action potential duration, and the atrial effective refractory period. 13 Specifically, in isolated rabbit hearts, magnesium (Mg) produces a significant and consistent prolongation of the atrial effective refractory period, 13 thereby reducing myocardial excitability. Furthermore, Mg decreases the rate of diastolic depolarization of sinoatrial pacemaker cells. 14 The interaction between surgical stress−induced sympathetic hyperactivity and Mg also seems to be important. The high concentration of norepinephrine released perioperatively promotes the efflux of Mg from cells, 15 altering cardiomyocyte excitability and automaticity. Thus, the administration of Mg may attenuate sympathoadrenal-mediated arrhythmias. 16, 17 Although several trials and meta-analyses have suggested a beneficial effect of Mg administration in the prevention of POAF, 18-21 many of these studies were limited by small sample size, relatively low Mg dosage, and an inability to account for concomitant medications known to influence POAF. We hypothesized that high-dose Mg decreases the occurrence of new-onset POAF, and we tested this hypothesis by using data from a prospective trial assessing the effect of Mg on cognitive outcomes in patients undergoing cardiac surgery.
METHODS Study Design
This study is a secondary analysis of a prospective, doubleblind, randomized trial of IV Mg versus saline that was designed to evaluate neurocognitive outcomes, as described previously. 22 The primary outcome for the current analyses was the incidence of new-onset POAF of any duration. Data relevant to this outcome were collected prospectively during the original clinical trial.
With approval from the Duke University Health System IRB and written informed consent, 389 patients scheduled to undergo CABG, valve, or CABG plus valve surgery with cardiopulmonary bypass (CPB) were enrolled in this prospective, randomized, double-blind, placebo-controlled clinical trial. Exclusion criteria included planned circulatory arrest, history of symptomatic cerebrovascular disease (e.g., stroke with residual deficit), psychiatric illness (e.g., any clinical diagnosis requiring therapy), renal failure (defined as serum creatinine >2 mg/dL), hepatic insufficiency (defined as aspartate aminotransferase and/or alanine aminotransferase >1.5× the upper limit of normal), consumption of >2 alcoholic beverages per day, inability to read, less than a seventh-grade education, or score of <24 on baseline Mini Mental State examination. Enrolled subjects were randomized to receive either Mg, as a 50-mg/kg bolus over 20 minutes after the induction of anesthesia followed by another 50 mg/kg infused over 3 hours (for a total dose of 100 mg/kg), or placebo (normal saline administered as a bolus and identical volume and duration infusion to the Mg group to preserve blinding). A group assignment schedule was prepared using a randomization function in SAS™ (Statistical Analysis System; SAS Institute Inc., Cary, NC) and stored in consecutively numbered sealed envelopes until allocation. Randomization occurred before surgery after confirming the procedure type and planned use of CPB.
The patient's electrocardiogram was monitored continuously after surgery with telemetry monitoring until hospital discharge. POAF was diagnosed by telemetry or 12-lead electrocardiogram and was defined as a supraventricular tachycardia with the absence of distinct p-waves and irregular R-R intervals. 23 POAF was considered new onset if it occurred postoperatively at any time before hospital discharge.
Patient Management
Anesthesia was induced with midazolam and fentanyl and maintained with isoflurane. All patients underwent nonpulsatile, hypothermic (30°C-32°C) CPB with a membrane oxygenator and arterial line filter by a pump primed with crystalloid. Serial hematocrit levels were maintained at ≥0.21.
Patients were heparinized (300-400 U/kg) to a target activated coagulation time of >480 seconds before the initiation of CPB. Pump flow rates of 2 to 2.4 L/min/m 2 were maintained throughout CPB to maintain a mean arterial pressure of 50 to 80 mm Hg. Arterial blood gases were measured every 15 to 30 minutes to maintain Paco 2 at 35 to 40 mm Hg unadjusted for temperature (α-stat) and Pao 2 at 150 to 250 mm Hg.
Preoperative and daily postoperative medication therapy also was recorded. The standard of care postoperatively was to administer 4 g of MgSO 4 IV for serum levels ≤1.8 mg/dL or 2g of MgSO 4 for serum levels 1.8 to 2.0 mg/dL.
Laboratory Assessments
In the first 121 patients, blood was sampled at baseline, on admission to the intensive care unit, and at 24 and 48 hours after the initial bolus for the measurement of serum Mg levels. Subsequently, to enhance patient safety, an additional blood sample was obtained immediately after the Mg bolus dose.
Statistical Analysis
Categorical and continuous demographic data were compared between the groups with χ 2 test, Wilcoxon rank sum test, or t test, as appropriate. The primary analyses were conducted according to the intention-to-treat principle. Descriptive summaries are presented as counts and proportions for categorical variables and mean ± SD for continuous variables. For the primary end point of the incidence of POAF, the effect of Mg administration was evaluated with the χ 2 test. A logistic regression model was prespecified to test the effect of Mg treatment and to account for the risk of developing AF using the Multicenter Study of Perioperative Ischemia (McSPI) risk index for Atrial Fibrillation after Cardiac Surgery score, as described previously 1 and subsequently modified to include preoperative statin use ( Table 1 ).
In summary, from a derivation cohort of 3093 patients, associations between predictor variables and POAF were identified to develop a risk model, which was assessed subsequently in a validation cohort of 1564 patients. Risk factors associated with AF were advanced age, history of AF, valve surgery, and postoperative withdrawal of a β-blocker or an angiotensin-converting enzyme (ACE) inhibitor. Conversely, reduced risk was associated with postoperative administration of β-blockers, ACE inhibitors, statins, potassium supplementation, and nonsteroidal anti-inflammatory drugs. To develop relative weights for the predictors in the McSPI risk index, the parameter estimates of the final logistic model were multiplied by 10 and rounded to the nearest integer. The relative weight was then assigned to each binary predictor and to each age category (10-year increments). The risk score for each patient was calculated by summing the relative weights across the predictors present for a particular patient. The low-risk group contained scores <14 (25th percentile); the medium-risk group contained scores between 14 and 31 (25th-75th percentile); and the high-risk group contained scores >31 (75th percentile).
The linear regression model used to evaluate the primary end point included an interaction test and a quadratic test of the assumption of linearity between the AF risk index and the logit linearity of AF risk; linearity also was verified by inspection of AF proportions in deciles of risk. Model fit was assessed by the Hosmer-Lemeshow test. All analyses were performed with SAS version 9.3 (SAS Institute Inc.); P < 0.05 was considered statistically significant.
In the parent trial, we expected that the incidence of cognitive deficits in patients undergoing cardiac surgery would be approximately 40%. We hypothesized that treatment with Mg would decrease this incidence to 25%, and a sample size of 170 per group would yield power of 80% at a significance level of 0.05 to detect this difference. To allow for a 15% loss to follow-up, we intended to recruit a total of 400 patients. Because the sample size was determined by the parent trial, additional power analyses related to newonset POAF were not conducted.
RESULTS
A CONSORT (Consolidated Standards of Reporting Trials) diagram detailing the screening, recruitment, and analysis of patients is presented in Figure 1 . Before the analysis, 14 patients who received placebo and 11 patients who received Mg were excluded because of documented preoperative cardiac rhythm other than normal sinus rhythm (i.e., both acute AF and chronic persistent AF), leaving 177 patients in the placebo group and 186 patients in the Mg group for final analysis. Patient characteristics and pertinent intraoperative details are summarized in Table 2 . As expected from randomization, there were no statistically significant www.anesthesia-analgesia.org
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Magnesium and Atrial Fibrillation After Cardiac Surgery differences between the Mg and the placebo groups with respect to demographic characteristics, although there was a trend toward more female subjects in the placebo group. Preoperative Mg levels were not different between the 2 groups. After the bolus dosing, serum Mg levels were significantly greater in the Mg treatment group at all time points (Fig. 2) . There was no difference in the proportion of patients with new-onset POAF between the Mg group (42.5%; 95% confidence interval [CI], 35%-50%)] and the placebo group (37.9%; 95% CI, 31%-45%; P = 0.40). In a secondary "astreated" analysis, 5 placebo patients were reassigned to the Mg group, but once again there was no difference in the incidence of POAF (Mg, 41.4%; 95% CI, 34%-48% versus placebo, 39.0%; 95% CI, 32%-46%; P = 0.64). Of these 5 placebo patients reassigned to the Mg group for the "astreated" analysis, 1 had been incorrectly randomly assigned and the other 4 had received Mg (2 g) intraoperatively for the management of ventricular arrhythmias. The proportion of patients receiving other medications known to have an association with AF (either with AF risk or those medications used as treatment for AF) preoperatively and postoperatively, but before the onset of AF, was not different between patients receiving Mg compared with placebo (Table 3 ). Finally, there was no difference between treatment groups with regard to duration of POAF (Mg, 2 [1] [2] [3] [4] days versus placebo: 2 [1-4] days; P = 0.91), time to onset of POAF (Mg, 2 [2-3] days versus placebo, 2 [1-3] days; P = 0.71), recurrence of AF (Mg, 44.3% versus placebo, 40.3%; P = 0.63), or in the rate of AF at discharge (Mg, 7.2% versus placebo, 10.7%; P = 0.54). The McSPI AF risk index score (reported as median; mean ± SD) was similar between the treatment groups (Mg, 14; 16.5 ± 11 versus placebo, 13; 14.8 ± 11; P = 0.142). As expected, the risk index score was different between patients who did (20; 21 ± 13) and those who did not (12; 12.0 ± 9) develop postoperative AF (P < 0.0001). The interaction between treatment groups and risk level for AF was also not significant (low risk: Mg, 30.7% versus placebo, 23.0%, P = 0.23; medium risk: Mg, 46.2% versus placebo, 51.6%, P = 0.52; and high risk: Mg, 80.0% versus placebo, 84.6%, P = 0.40). Finally, no significant effect of Mg on POAF was found in logistic regression analysis after we adjusted for the AF risk score (Mg treatment odds ratio 1.09 with 95% CI, 0.69-1.72, P = 0.73; area under the receiver operating characteristic curve, 0.72). The Hosmer-Lemeshow test for goodness of fit was nonsignificant for lack of fit (P = 0.51).
DISCUSSION
In this prospective, randomized, double-blind, placebo-controlled study of the administration of IV Mg versus saline during adult cardiac surgery with CPB, we found that systemic, high-dose intraoperative Mg therapy did not reduce the incidence of new-onset POAF.
Mg has several antiarrhythmic properties that makes it a good pharmacologic candidate for the prevention and treatment of arrhythmias. 24, 25 Consistent with these electrophysiologic actions, the administration of Mg has been shown in several clinical studies to significantly improve the rate of chemical 26-28 and electrical cardioversion 29 of atrial arrhythmias. Investigations of Mg prophylaxis for the prevention of POAF in the context of cardiac surgery seemed to confirm these beneficial results. [18] [19] [20] [21] However, several of these studies were limited by small sample size, improper blinding, and the use of a lower dose of Mg than in the current study. In fact, by combining studies on Mg prophylaxis in CABG surgery that were properly blinded and with sufficient patient sample sizes, Hazelrigg et al. 30 failed to find an overall reduction in postoperative atrial or ventricular arrhythmias. Cook et al. 31 were also unable to demonstrate a difference in the rate of clinically important atrial arrhythmia in patients receiving Mg versus placebo in addition to routine β-blockade. However, most of these studies had not adequately adjusted for the confounding effects of β-blockers, ACE inhibitors, statins, potassium, and nonsteroidal anti-inflammatory drugs. In our randomized, placebo-controlled, double-blind study, despite adjusting for all relevant medications given before the onset of POAF, we also could not find a benefit for the intraoperative administration of Mg in preventing POAF after cardiac surgery.
Hypomagnesemia is common after cardiac surgery, and it is a standard practice to correct the deficit with IV Mg. However, serum-ionized Mg levels do not necessarily reflect intracellular levels, and the equilibration between tissue compartments and intracellular concentrations is often a slow process. 24 Thus, serum Mg is a poor marker of intracellular Mg homeostasis, and its administration has unproven effects on tissue and intracellular levels of Mg. 32 Moreover, although patients with arrhythmias have been shown to have a relative deficiency in intracellular Mg, 24, 27 the dose and duration of treatment required to adequately restore intracellular Mg concentrations is not known. Importantly, the timing of prophylactic Mg therapy has varied among studies and may represent a critical factor in the success or failure of this intervention.
A previous meta-analysis indicated that lower doses of Mg (defined as mean cumulative dose of 8.2 g) are more effective than moderate-to-higher doses (mean cumulative dose of 15 g) in reducing postoperative AF. 33 In our study, we administered a combination of a bolus dose plus infusion to achieve a total cumulative Mg dose of 100 mg/kg (mean dose of 8.4 g). This dosing produced statistically significantly greater serum Mg concentrations at all measured time points compared with patients who received placebo. The immediate and postoperative serum levels achieved in our study were similar to those achieved by Cook et al. 31 Although statistically greater than placebo, the difference in the mean serum concentration of Mg between our treatment and placebo groups decreased to a mean of 0.27 mg/dL by 24 hours (Mg, 2.31 ± 0.38 mg/dL versus placebo, 2.04 ± 0.33 mg/dL) and 0.15 mg/dL by 48 hours (Mg, 2.25 ± 0.30 mg/dL versus placebo, 2.10 ± 0.25 mg/dL), differences that are not likely to be clinically significant. In fact, with the peak incidence of POAF occurring around day 2, the minimal increase in serum Mg in the treatment group at 48 hours may partially explain the lack of benefit in preventing POAF. However, Cook et al. 31 extended their treatment to postoperative day 4 and were still unable to reduce the incidence of POAF.
Sympathetic activation is postulated to be a mechanism underlying POAF. 34 It has been hypothesized that Mg exerts a prophylactic effect by inhibiting adrenergic-mediated automaticity. However, there is a discrepancy in the time course of sympathetic activation and POAF, with the peak of sympathetic activation occurring around 24 hours postoperatively, whereas the peak in the onset of POAF occurs between 2 and 4 days postoperatively. 30 On the other hand, the inflammatory response induced by cardiac surgery has a time course that more closely mirrors that of POAF. 31, 35 The apparent efficacy of specific anti-inflammatory drugs, particularly statins and colchicine, 36, 37 in reducing the incidence of POAF, combined with the failure of Mg and other modulators of sympathetic hyperactivity to fully prevent POAF, 38 suggest that the pursuit of inflammatory mechanisms of POAF may be more fruitful.
The primary limitation of this study is that it is a secondary analysis of a prospective trial designed to evaluate neurocognitive outcomes in the setting of intraoperative high-dose Mg administration. As such, the administration of postoperative medications that are potentially relevant to POAF was not standardized, although we did not see a difference between groups in the preoperative or the postoperative administration of relevant medication. Furthermore, we recorded all medications administered before the onset of POAF, and thus, unlike previous studies, we were able to more accurately account for the temporal relationships between all (i.e., not just β-blockers) medication therapy and POAF. A second limitation is that our intervention was limited to the intraoperative period. It is possible that highdose Mg therapy extended into the postoperative period www.anesthesia-analgesia.org
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Magnesium and Atrial Fibrillation After Cardiac Surgery could alter the occurrence of POAF. However, a standardized postoperative Mg treatment protocol was used, and we note that the Mg levels were statistically greater in the treatment group. Finally, our definition of new-onset POAF included POAF of any duration and may have been too liberal. Therefore, we repeated the analysis in the cohort of patients (n = 340) who received treatment for POAF (i.e., "significant" AF). In this subgroup, once again, the incidence of POAF did not differ between the treatment groups (Mg, 21% versus placebo, 15%, adjusted P = 0.33).
Although many pharmacologic approaches to preventing AF after cardiac surgery have been investigated, 39, 40 the studies evaluating Mg have yielded mixed results. We found that, despite significantly greater Mg levels in the intraoperative and immediate postoperative period, high-dose intraoperative Mg therapy did not decrease the incidence of new-onset POAF. Considering the high incidence of AF after cardiac surgery and its potential for significant short-and long-term morbidity, especially embolic stroke, further investigation into preventative strategies is warranted. Given the presumptive multifactorial etiology of POAF, its effective prevention will likely require a multimodal pharmacologic approach. E
